Irrigation has different impacts on soils. The most studied negative impacts are related with salinity, sodicity or soil contamination because of poor irrigation water quality or rising water tables. It is assumed that with suitable water quality the impact of irrigation on soil is positive. However, there are publications showing that under certain conditions long-term freshwater irrigation may cause soil fertility deterioration. Therefore a hypothesis has appeared that some Mexican soils may also be degraded. The objective of our study was to compare some properties of agricultural soils irrigated for more than 30 years with freshwater with non-irrigated virgin soils in different climatic zones. The principle agricultural crops studied were corn and wheat. The impact of furrow and border strip irrigation on soils were positive under arid climatic conditions, but in semi-arid, semi-humid and humid conditions irrigation gradually caused deterioration of soil fertility because of annual leaching of organic matter and exchangeable calcium. Comparison of the same properties of rainfed agricultural soils for the same crops and virgin soil properties did not show significant differences. Thus, irrigation itself can induce changes in soil fertility. Therefore, in semi-arid, semi-humid and humid conditions of Mexico it is appropriate to reduce irrigation water losses. Under humid conditions it is recommended to increase runoff using surface drainage in irrigated and rainfed lands and to improve irrigation technologies. These measures can conserve soil fertility, improve efficiency of water and land resource use, reduce water consumption, increase agricultural productivity, profitability and sustainability over the long-term. Keywords: fertility index, irrigation water quality, soil degradation, radiative climatic index, arid and humid zones, soil properties, percolation
Introduction
Traditionally, irrigation water requirements are determined based on the needs of agricultural crops and on the availability and quality of water. Selection of irrigation technology depends on the profitability of agricultural crops, experience and economic state of farmers, availability of water, topographic and climatic conditions of irrigated land and soil physical properties. Irrigation increases agricultural productivity and affects soil properties, and may increase soil fertility, but can reduce it as well. The positive effect of soil irrigation is related to increased soil moisture, resulting in increased microbiological and macro-biological activities in the soil and the accumulation of organic matter (Aidarov, 1985; Baldock et al., 2000; Schjonning et al., 2004; Oriola, 2005) . Negative effects of soil irrigation are usually associated with using poor quality water (e.g. saltwater, treated or untreated sewage water), salinity, sodicity or soil contamination, as well as soil erosion. There are different recommendations for reducing the risk of soil and plant contamination to prevent or reclaim soil salinity and sodicity of irrigated lands (Aidarov, 1985; Skaggs & van Shilfgaarde, 1999; Artigao et al., 2002; Redly & Utkaeva, 2005; Alguacil del Mar et al., 2012) .
Irrigation with suitable quality water, as a rule, improves soil fertility. However, there are published studies on long-term freshwater irrigation causing gradual deterioration of soil fertility over several decades, even if there is no hydraulic soil erosion, or soil salinity or sodicity. For example, freshwater irrigation of wheat, corn and other crops on Chernozem soils (FAO, 2006) with 6-9% organic matter content, slopes less than 1% in the steppe zone, and under semi-arid and semi-humid climates in Russia over 20 years caused a 1-2% loss of organic matter; a 20% reduction of exchangeable calcium content due to its deficit in the soil, and a 1.2-2-fold increase of exchangeable sodium and magnesium. The irrigation water had EC = 0.00025-0.0008 dS m -1 , SAR = 1-1.5 and EC/SAR = 0.0002-0.0005 (Aidarov, 1985; Aidarov et al., 2012) . The loss of irrigation water through soil percolation was between 30-40% of the annual net irrigation depth. Mekonnen et al. (2011) pointed out that furrow and border strip irrigation in Ethiopia over 20-30 years caused a reduction of organic matter by 1-2 % in different plots, a slight accumulation of exchangeable magnesium, and an accumulation of available phosphorus in comparison with non-irrigated soils. The change in exchangeable calcium and sodium varied from reduction to accumulation. A reduction in infiltration rate (around 30%) also was observed. The investigation was conducted in semi-humid and humid climatic zones with mean annual temperatures of 20-23°C, precipitation from 850 to 2050 mm, deep soils containing alisols, fulvisols, vertisols and cambisols with more than 30% clay and more than 2 m deep, altitudes of 1700-2200 masl, lands with relatively low slopes (<5%) and with crops such as corn, wheat, barley and some vegetables. Irrigation water had a pH = 7-8 and electrical conductivity of 0.0018-0.0026 dS m -1 .
The publications mentioned above show that freshwater irrigation can negatively impact soil fertility and that the process of change in soil agrochemical properties is rather slow and continues over decades.
The total irrigated agricultural area in Mexico is 6.5*10 6 ha, with 3.5*10 6 ha in 112 irrigation districts, most of them established during the 1950-1960s and 3*10 6 ha in 39492 irrigation units created over the last 30 years. The primary irrigation systems are located in arid and semi-arid zones in the northern and central parts of the country, and were created during the mid-20th century. Irrigation is applied at altitudes from 0 to 2500 masl. The principle source of irrigation is surface water from reservoirs located mostly in mountains and supplying nearly 85% of the total irrigated area. Around 90% of the total irrigated area is irrigated by furrows and border strips. Although water and wind erosion are widespread in Mexico, in accordance with SEMARNAT-CP (2002) and SEMARNAT (2005) , the water erosion on irrigated and rain-fed lands with slopes less than 1% is not typical. Given such slopes, only less than 0.04% of all irrigated lands and less than 4% of rain-fed lands are affected by hydraulic erosion. Wind erosion on these lands also is not typical; less than 2% of irrigated lands and less than 6% of rain-fed lands are affected by wind erosion (Semarnat-Cp, 2002; Semarnat, 2005) .
The primary irrigated areas are located in the arid and semi-arid zones of Mexico, where I > 2 (Figure 1 ). However, irrigation is also applied in semi-humid and humid tropical zones. In semi-arid and arid regions, irrigation is applied throughout the year where water availability is sufficient and where air temperatures are favorable. In areas with colder climates or with a deficit of water, irrigation is applied once a year during one growing season. In the humid tropical regions, irrigation is applied during the dry season (February to June), when the potential evapotranspiration is 3-4 times more than precipitation.
High soil salinity or sodicity are not typical for irrigated lands in Mexico. According to De la Pena (1996) , this problem occurs in areas not exceeding 10% of all irrigated lands. It occurs primarily in the northern arid part of the country. All irrigated lands analyzed in the present study do not have soil salinity or sodicity problems (De la Pena, 1996) . The hypothesis was that irrigation in some climatic zones of Mexico may cause soil degradation even if there is no hydraulic surface soil erosion. The objective of this study was to compare some properties of agricultural soils irrigated for more than 30 years with freshwater with non-irrigated virgin soils in different climatic zones.
Material and Methods
To observe consistent patterns of long-term changes in soil fertility related with freshwater irrigation, average values of soil properties from corn and wheat systems were compared with the same regional properties for natural soils not used for agriculture in different climatic zones of Mexico. The approach by Volobuyev (1974) was applied in this study which is based on quantitative models for assessing the role of solar energy and water in different processes of soil genesis including evapotranspiration, photosynthesis, formation of organic matter, physical and chemical weathering, and migration of substances in the soil profile. According to Volobuyev's concept, some regional chemical and physical properties of virgin soils inside geomorphologically homogeneous soil groups with similar genesis depend on mean annual climatic conditions expressed by the climatic index, I, (some authors call this index as the radiative index of dryness) (Volobuyev, 1974; Aidarov, 1985; Nikol'skii et al., Vol. 6, No. 6; 2014 Guanajuato, San Luis Potosi, Zacatecas, Tlaxcala, Mexico and Veracruz. These states are major producers of these crops.
The soils are mainly Phaeozems in the semi-arid and semi-humid regions of the central part of the country(climatic index 1 ≤ I < 3.5), Xerosols (or Calcisols according to FAO, 2006) and Rendzinas (Leptosols), Kastanozems in the arid and semi-arid zones of the central and northern regions (2.5 < I < 8), and Luvisols and Vertisols (FAO, 2006) in the temperate and tropical humid regions in the central and southeastern part of the country (I < 2) (INEGI, 2004; Krasilnikov et al., 2011) . Soil depth usually exceeds 1.5 m, and all soils have good agricultural potential, high saturation of exchangeable bases and the presence of stable aggregates. The Rendzinas have a predominance of calcium cations in an adsorbed complex. Vertisols are clay-based and characterized by expansion-contraction and cracking as a result of annual wetting and drying of the soil. More information about properties of these soils can be found in INEGI (1988) and Krasilnikov et al. (2011) , as well as in the Results and Discussion of the present paper.
We analyzed and compared the distribution of modal values of virgin and irrigated soil properties, f, in the 0-20 cm layer depending on the climatic index, I. In order to establish a relationship between soil fertility and climatic index, I, we analyzed soil organic matter content (SOM), soil phosphorus available for crops (P), exchangeable K, Ca, Na and Mg, pH (pH water ), cation exchange capacity (CEC), and the dimensionless integral soil fertility index, F, which was calculated using OM, P, K and pH (Pegov and Khomyakov, 1991; Nikol'skii et al., 2010) :
where F varies from 0 (for completely degraded soils) to 1 (the maximum possible level of soil fertility studied in Mexico); OM max , P max , and K max are maximum values of these properties among analyzed soil groups.
The original formula for calculating F (Pegov & Khomyakov, 1991) includes the nitrogen available for crops. Due to absence of this information in Mexican databases, this value in (2) is indirectly taken into account in the coefficient associated with organic matter content.
To establish the relationship f (I), values of soil properties were selected from the existing databases. Then, for each group of sites located in areas with similar intervals of I (with step 0.5 for I from 0.25 to 4, and 1.0 for I more than 4) average values of each property were determined. On average, 80-100 values for each property of virgin soils and 10-30 values for irrigated soils were obtained for each selected interval of change in I. We assumed that within the relatively small intervals of change in I it is possible to ignore the dependence of each property, f, on the climatic index, I. Then each value f was divided by its mean arithmetic value within each of the selected intervals of I. The combination of all normalized values of f was considered statistically homogeneous and their statistical distributions were determined. Statistical analyses showed that the distribution of analyzed soil properties is close to lognormal. Therefore, the modal values of each property (not the mean arithmetic values) inside the selected I intervals were determined, as well as the confidence intervals with 95% probability (Venables & Ripley, 1997) . Then, using the program CurveExpert 1.3 (Hyams, 2012) , the graphs of modal values of soil properties, f, depending on the climate index, I, for virgin and irrigated soils were obtained. The disper soil textur (Aidarov, 1999 Vol. 6, No. 6; 2014 between 1.5-2 times more than in the same soil under rain-fed conditions. In arid conditions, where I > 3.5 and with irrigation q = (0.1-0.2)Ir, the CEC value can be nearly 2 times more, exchangeable Ca content 10-20% more and exchangeable Na and Mg contents about 5 times more than under rain-fed conditions.
Results and Discussion
Numerical experiment results also showed that use of the SAR in prediction of soil sodicity underestimates Na content in the exchange complex. Therefore, in order to assess the composition of the CEC it is necessary, in addition to the SAR, to consider the exchangeable Ca, Na, Mg and K in the irrigation water. Detailed description of the methodology and results of the calculations are provided in Aidarov et al. (2012) , and Aidarov and Nikolskii-Gavrilov (2013) .
Thus, the intensity of water percolation through the soil profile is an important indicator for the conservation of soil organic matter and it should be considered in irrigation. In order to prevent deterioration of irrigated soil fertility, the irrigation water loss, q, related with percolation through the soil profile should be reduced by at least 20% of the mean annual net irrigation depth.
Considering the deep water table position on analyzed irrigated lands, and the results of the previous calculations, the reduction of irrigation water loss due to water percolation, q, should not cause adverse effects on soil salinity or sodicity.
Changing the pH of irrigated soils is consistent with the change in composition of soil solutions. We assessed pH values depending on the calcite content in soil solution on analyzed irrigated lands (Aidarov et al., 2012; Aidarov & Nikolskii-Gavrilov, 2013) . In irrigated soils of climatic zones where I < 1.5 and with intensive soil leaching, the composition of soil solutions corresponds to the chemical composition of irrigation water and the soil has pH ≅ 5-6. In more arid regions, where I > 1.5, the pH of irrigated soils increases positively with the concentration of the soil solution and reaches a maximum value of pH ≅ 8 when the concentration of the soil solution is about 2 times more than the irrigation water. This is explained by the change in calcite equilibrium due to saturation of the soil solution when there is equilibrium between the content of calcite in irrigation water and in soil solution.
A significant increase in the available phosphorous content in irrigated soils occurs in all climatic zones (INEGI, 2004; FAO, 2006; Krasilnikov et al., 2011) . The maximum content of available phosphorus is observed in soils with pH = 7-8 located in arid zones where I > 3. With the decrease in pH, the content of available phosphorus is less, especially when pH = 5-6. This is related not only with the solubility of phosphates depending on pH, but also with the content of organic matter in the soil. The low solubility of phosphates and high annual doses of phosphate fertilizers on irrigated lands are accompanied by the gradual accumulation of phosphorus in soils. The doses of phosphate fertilizers on irrigated lands in different climatic zones are: 100-170 kg ha -1 of active substance in regions where I < 1; 60-80 kg ha -1 where 1 < I ≤ 2; 80-120 kg ha -1 where 2 < I ≤ 3.5; 120-160 kg ha -1 where 3.5 < I ≤ 5; 80-140 kg ha -1 where 5 < I ≤ 6.5, and 140-180 kg ha -1 where 6.5 < I ≤ 8 (Fertimex, 1987) .
For a more accurate analysis of the impact of long-term freshwater irrigation on soil fertility, it would be useful to compare the graphs of agrochemical soil property dependence on the climatic index, I, mentioned in Figures 2 and 3, with similar graphs for other crops having less water consumption than corn and wheat. However, it is difficult to realize such analyses because of the lack of data on irrigated soil properties with different crops. As well, irrigated crops with relatively low water consumption are almost never found in Mexico in the climatic zones with I < 3, where the soil fertility under irrigated corn and wheat is less than for virgin soils.
Considering the observed deterioration of soil fertility under long-term freshwater furrow and border strip irrigation in semi-arid, semi-humid and humid tropical zones of Mexico, it can be assumed that for the conservation of soil as a natural resource it would be appropriate to reduce the mean annual irrigation water loss to deep percolation through the soil profile by at least 20% of the mean annual net irrigation depth, or less than 200 mm per year. This can be achieved by improving furrow and border strip irrigation technology, application of sprinklers, microsprinklers or drip irrigation (where possible) and conservation tillage. In humid tropical conditions with heavy rainfall (up to 2500 mm per year or more) it is recommended to increase annual water runoff by applying surface drainage in irrigated and rain-fed lands and to improve irrigation technologies. These improvements should significantly reduce annual water percolation and make a contribution to soil fertility conservation.
Conclusions
1) The existing practices of furrow and border strip irrigation in Mexico causes positive impact on soil fertility in arid zone and negative impact in semi-arid, semi-humid and humid zones. According to the Figure 2 the fertility of irrigated soils on the basis of a regional scale is less than that of virgin soils, that is, about 10% in humid zones, where climatic index I < 1; 30% in semi-humid zones (1 ≤ I < 2) and 20% in semi-arid zones (2 ≤ I < 3.5), while the fertility of irrigated soils in arid zones (I ≥ 3.5) is about 1.5 more than that of virgin soils.
2) Soil fertility deterioration under long-term freshwater furrow and border strip irrigation in semi-arid, semi-humid and humid zones is due to poor irrigation technology, high mean annual net irrigation depths and, as a consequence, the leaching of organic matter and exchangeable calcium.
3) To prevent deterioration of soil fertility it is recommended to reduce water percolation through the soil profile. This can be accomplished through improvements in furrow and border strip irrigation technology by using shorter furrows and border strips, using sprinklers, microsprinklers, drip irrigation (where possible) and conservation tillage. The final decision should depend on the specific local conditions of each irrigated plot. These measures also protect the quality of groundwaters on lands where there is no problem with soil salinity or sodicity.
4) The improvement of irrigation technology can reduce water consumption, improve the efficiency of water and land resource use, increase productivity and profitability of agricultural lands and the sustainability of agriculture over the long-term.
5) Under humid conditions with heavy rainfall it is recommended to increase annual water runoff by applying surface drainage and improving irrigation technologies. This measure should significantly reduce water percolation through the soil and contribute to soil fertility conservation and the protection of the quality of subsurface drainage waters where such drainage is applied.
